The BAHD family is a class of acyl-CoA-dependent acyltransferases that are involved in plant secondary metabolism and show a diverse range of specificities for acyl acceptors. Anthocyanin acyltransferases make up an important class of the BAHD family and catalyze the acylation of anthocyanins that are responsible for most of the red-to-blue colors of flowers. Here, we describe crystallographic and mutational studies of three similar anthocyanin malonyltransferases from red chrysanthemum petals: anthocyanidin 3-O-glucoside-6؆-O-malonyltransferase (Dm3MaT1), anthocyanidin 3-O-glucoside-3؆, 6؆-O-dimalonyltransferase (Dm3MaT2), and a homolog (Dm3MaT3). Mutational analyses revealed that seven amino acid residues in the N-and C-terminal regions are important for the differential acyl-acceptor specificity between Dm3MaT1 and Dm3MaT2. Crystallographic studies of Dm3MaT3 provided the first structure of a BAHD member, complexed with acyl-CoA, showing the detailed interactions between the enzyme and acyl-CoA molecules. The structure, combined with the results of mutational analyses, allowed us to identify the acyl-acceptor binding site of anthocyanin malonyltransferases, which is structurally different from the corresponding portion of vinorine synthase, another BAHD member, thus permitting the diversity of the acylacceptor specificity of BAHD family to be understood.
of two distinct anthocyanin malonyltransferases, Dm3MaT1 (malonyl-CoA:anthocyanidin 3-O-glucoside-6Љ-O-malonyltransferase) or Dm3MaT2 (malonyl-CoA:anthocyanidin 3-Oglucoside-3Љ,6Љ-O-dimalonyltransferase) ( Fig. 1) (8) . The second malonylation (termed 3MaT2 activity) is exclusively catalyzed by Dm3MaT2, which further malonylates the 3Љ position of the mono-malonylated product (cyanidin 3-O-6Љ-Omalonylglucoside, 2), producing cyanidin 3-O-3Љ,6Љ-O-dimalonylglucoside (3) . Thus, Dm3MaT1 shows exclusive 3MaT1 activity, whereas Dm3MaT2 shows both 3MaT1 and 3MaT2 activities. It is particularly noteworthy that these two malonyltransferases (MaTs) are 89% identical to each other in their primary structures (8) , serving as very good targets for studies of structural factors that govern the acyl acceptor specificity of AATs.
The present study was undertaken to establish the structural basis of the acyl acceptor and donor specificities of AATs. As the first step we carried out region swapping and site-specific mutagenesis studies of Dm3MaT1 and Dm3MaT2 to identify the residues responsible for differential acceptor specificity between these two enzymes. In the second step we isolated a cDNA of another AAT homolog, Dm3MaT3, from red chrysanthemum petals, which yielded a recombinant protein that was suitable for x-ray crystallographic analyses. Although the first crystal structure of a free enzyme form of a BAHD family member, vinorine synthase of the medicinal plant Rauvolfia serpentina, was reported in 2005 (9) , the crystal structure of a BAHD member complexed with acyl-CoA has not been reported. We were able to determine the crystal structures of Dm3MaT3 at 1.8 -2.2 Å of resolutions, providing the first crystal structure of a BAHD member complexed with acyl-CoA. The crystal structures, along with the results of the present mutagenesis studies, allowed us to unambiguously identify the acyl-CoA and acyl-acceptor binding sites in AATs, providing important information for general insights into the specificity and mechanism of BAHD catalysis.
EXPERIMENTAL PROCEDURES

Materials
Anthocyanins were generous gifts from Prof. Masa-atsu Yamaguchi, Minami-Kyushu University. All other chemicals used were of analytical grade or sequencing grade, as appropriate.
Enzyme Assay
The standard reaction mixture (50 l) consisted of 20 mM potassium phosphate, pH 7.0, 60 M malonyl-CoA, 120 M cyanidin 3-Oglucoside, and enzyme. The mixture without enzyme was incubated at 30°C for 10 min. The reaction was started by the addition of the enzyme. After incubation at 30°C for 20 min, the reaction was stopped by adding 50 l of ice-cold 0.5% (v/v) trifluoroacetic acid. Anthocyanins in the resulting mixture were analyzed by reversed-phase high performance liquid chromatography using a Shimadzu Prominence LC solution system (Shimadzu, Kyoto, Japan) with an Asahipak ODP-50 4E column (4.6 ϫ 250 mm; Shoko, Tokyo, Japan). Chromatographic conditions were as follows: solvent A, 0.1% (v/v) trifluoroacetic acid; solvent B, 0.1% (v/v) trifluoroacetic acid and 90% (v/v) acetonitrile; column temperature, ambient; detection at 520 nm; flow rate, 0.7 ml/min. The column was equilibrated with 20% B before use. After injection, the column was initially developed with 20% B for 3 min followed by a linear gradient from 20 to 31% B in 15 min followed by that from 31 to 56% B in 1 min. The column was then washed with 56% B for 4 min followed by a linear gradient from 56 to 20% B in 1 min.
Enzyme Kinetics
Assays for the initial velocity for 3MaT1 and 3MaT2 activities were carried out under steady-state conditions using a standard assay system (see above) with varying concentrations of substrates. Typically, the anthocyanin and malonyl-CoA concentrations were varied in the range of 5-54 and 5-30 M, respectively, in the assays for Dm3MaT1, Dm3MaT2, and their mutants. Double reciprocal plots of the activities of these AATs generally yielded a family of apparently parallel lines in the range of substrate concentrations employed, as has been observed for other AATs (6) . The apparent kinetic parameters and their standard deviations were determined by fitting the initial velocity data by a nonlinear least squares method using a computer program (two-dimensional scientific graph-plotting tool program) to Equation 1, which best describes the observed parallel patterns of double reciprocal plots, which give a k cat [E]/2 value in the presence of a saturating concentration of a counter substrate. Note that our previous product inhibition studies showed that the AAT-catalyzed malonyl transfer proceeds via a ternary complex mechanism (6), consistent with the results of the present crystallographic studies (see below). Under some circumstances, double reciprocal plots of ternary complex mechanisms are known to yield parallel patterns (10) .
Region Swapping and Site-specific Mutagenesis
The expression plasmids pQE-Dm3MaT1 and pQEDm3MaT2 (8) share unique restriction enzyme sites (SphI, PmlI, SpeI, and SalI in the order of 5Ј33Ј orientation) in each AAT sequence. Digestion of each of these plasmids with SphIPmlI produces two DNA fragments that are 0.5 and 3.3 kb in size. The 0.5-kb fragment derived from pQE-Dm3MaT2 were ligated with the 3.3-kb fragment from pQE-Dm3MaT1 to produce the plasmid pQE-Dm3MaT(211), which expresses a Dm3MaT1 mutant in which region A is replaced with that of Dm3MaT2 (see Fig. 2 and supplemental Fig. 1S ). Likewise, the 0.5-kb fragment obtained from pQE-Dm3MaT1 was ligated with the 3.3-kb fragment from pQE-Dm3MaT2 to produce a plasmid expressing Dm3MaT(122). Plasmids expressing Dm3MaT(121) and Dm3MaT(212) were prepared by exchanging the PmlI/SpeI-digested DNA fragments of pQEDm3MaT1 and pQE-Dm3MaT2, and those expressing Dm3MaT(112) and Dm3MaT(221) were prepared by exchanging the SpeI/SalI-digested DNA fragments of pQEDm3MaT1 and pQE-Dm3MaT2. Escherichia coli JM109 cells were transformed with the resulting plasmids to overexpress each region-swapped mutant. The plasmids for the expression of sitespecific mutants of Dm3MaT(212) was prepared by PCR using pQEDm3MaT(212) as a template and mutagenesis primers (not shown).
cDNA Cloning, Protein Expression, and Purification of Dm3MaT3
cDNA Cloning and Expression of Dm3MaT3-The Dm3MaT3 cDNA was isolated from red buds of D. ϫ morifolium essentially as described previously (8) . The Dm3MaT3 cDNA was cloned into pBluescript SKϪ. From the resulting plasmid, the full-length Dm3MaT3 cDNA was amplified by PCR using the primers 5Ј-TGCGAGCATATGGCTT-CTCTTC-3Ј and 5Ј-CCCGGGG-ATCCTTAAAGG-3Ј to introduce NdeI and BamHI restriction sites (respective underlined sites) containing in-frame start and stop codons into the 5Ј-and 3Ј-ends of the cDNA, respectively. The amplified fragment was cloned into a pCR4Blunt-TOPO vector (Invitrogen) and sequenced to confirm the absence of PCR errors. The fragment was then digested with NdeI and BamHI and ligated with an expression vector, pET-15b (Novagen, Madison, WI), which had previously been digested with NdeI and BamHI. The resulting plasmid, pET-Dm3MaT3, which encodes an N-terminal in-frame fusion of Dm3MaT3 with a His 6 tag, was used to transform E. coli BL21(DE3) cells. After preculturing the transformant cells at 37°C overnight in LuriaBertani broth containing 50 g/ml ampicillin, 10 ml of the culture was inoculated into 2000 ml of the same medium. After incubation at 30°C until the A 600 reached 0.5, isopropyl 1-␤-Dthiogalactoside was added to the broth to a final concentration of 0.4 mM followed by cultivation at 30°C for 14 h.
Purification of Recombinant Dm3MaT3-All subsequent operations were conducted at 0 -4°C. The cells were harvested by centrifugation (5000 ϫ g, 15 min) and resuspended in buffer H (20 mM potassium phosphate, pH 7.4, containing 15 mM 2-mercaptoethanol, 10 mM imidazole, and 0.5 M NaCl). The cells were disrupted at 4°C by 10 cycles of ultrasonication (where one cycle corresponds to 10 kHz for 10 s followed by an interval of 50 s). Cell debris was removed by centrifugation (5000 ϫ g, 15 min). Polyethyleneimine was slowly added to the supernatant solution to a final concentration of 0.3% (v/v). The mixture was allowed to stand at 4°C for 30 min followed by centrifugation (8000 ϫ g, 15 min) and filtration through a 0.22-m filter. The supernatant was applied to a HisTrap HP column (5 ml; GE Healthcare) equilibrated with buffer H. The column was extensively washed with buffer H, and the enzyme was eluted with buffer H containing 200 mM imidazole. The active fractions were collected, concentrated, and equilibrated with buffer T (20 mM Tris-HCl, pH 7.4, containing 15 mM 2-mercaptoethanol) by ultrafiltration with an Amicon Ultra-15 centrifugal filter device (30,000 molecular weight cut-off; Millipore, Bedford, MA). The enzyme was then digested with thrombin (Novagen; 1 unit/mg Dm3MaT3 protein) at 4°C for 16 h in 20 mM Tris-HCl, pH 8.4, containing 0.15 M NaCl and 2.5 mM CaCl 2 to remove the His 6 tag from the recombinant enzyme. The resulting mixture was applied to a HisTrap HP column (5 ml) equilibrated with buffer H. The column was extensively washed with buffer H, and the flow-through fractions, which contained Dm3MaT3, were collected. The enzyme solution was concentrated and equilibrated with buffer Q (10 mM potassium phosphate, pH 7.4, containing 15 mM 2-mercaptoethanol) by ultrafiltration. The resulting enzyme solution was applied to a HiTrap Q HP column (5 ml; GE Healthcare) equilibrated with buffer Q at a flow rate of 1 ml/min using ÅKTA purifier (GE Healthcare). The column was washed with the same buffer. The enzyme was eluted with a linear gradient of 0 -600 mM NaCl in buffer Q. The enzyme solution was concentrated and equilibrated with buffer A (0.01 M Hepes-NaOH, pH 7.0, containing 15 mM 2-mercaptoethanol) as described above. Proteins were quantified by the method of Bradford using a kit (Bio-Rad) with bovine serum albumin as the standard.
For the production of selenomethionyl Dm3MaT3, E. coli BL21-CodonPlus(DE3)-RIPL cells (Stratagene, La Jolla, CA) harboring pET-Dm3MaT3 were grown in 10 liters of a minimal medium (Se-Met core medium; Wako, Tokyo, Japan) supplemented with L-selenomethionine (2.5 mg/ml, final concentration) at 35°C. The selenomethionyl Dm3MaT3 was purified from crude extracts of the recombinant cells essentially as described above, except that an extra HiTrap Q chromatography was carried out before HisTrap column chromatography.
Crystallization
Dm3MaT3 crystals were grown at 20°C over a period of 1-3 weeks by the sitting-drop vapor-diffusion method. Dm3MaT3 crystals complexed with malonyl-CoA were obtained by mixing 2 l of protein solution including 2 mM malonyl-CoA with 2 l of reservoir solution (30% (w/v) polyethylene glycol 8000 (PEG8000, Hampton Research), 100 mM sodium cacodylate, pH 6.5, 120 mM ammonium sulfate, and 10% glycerol). Crystals of substrate-free native and selenomethionyl Dm3MaT3 were obtained by mixing 2 l of the protein solution with 2 l of reservoir solution (25% (w/v) polyethylene glycol 8000 (PEG8000, Hampton Research), 100 mM sodium cacodylate (pH 6.5), 100 mM ammonium sulfate, 10% glycerol, and 10% KCl). Crystals were frozen at 90 K.
Data Collection, Structure Solution, and Refinement
All data sets were collected on beamline BL-5A at the photon factory (KEK, Tsukuba, Japan). Measurements were performed at 90 K with ϭ 0.97909 Å (Se peak), ϭ 0.97928 Å (Se edge), ϭ 0.95000 Å high-remote), and ϭ 1.000 Å (native-free and native-complex). Complete data sets were collected through contiguous rotation ranges at a given wavelength before proceeding to the next wavelength. The data sets were processed and scaled with HKL2000 (11) . All data sets belonged to space group P2 1 with two molecules per asymmetric unit. The Dm3MaT3 structure was solved by the multiwavelength anomalous diffraction method, with selenomethionyl Dm3MaT3 crystal.
Initial phases were determined by the SOLVE program (12) . Phase improvement by density modification including noncrystallography symmetry averaging was performed by the RESOLVE program (13) . A model was then obtained by automatic tracing with ARP/wARP program (14) . The structure was then rebuilt by O (15) and refined using Refmac (16), with 5% of the data set aside as a free set. In subsequent refinement, the selenomethionyl Dm3MaT3 data set was replaced with nativefree and native-complex data sets. Malonyl-CoA models were fitted into the substrate binding sites based on non-crystallography symmetry averaged difference electron density maps (Fig. 3C ). Of 454 residues, 14 residues (N-terminal 5 residues, C-terminal 4 residues, and residues 365-369) in chains A and B are not visible in the electron density and are probably disordered. All figures were produced using POVSCRIPTϩ (17), PyMOL (18) , and RASTER3D (19) . The C␣ atoms of nativecomplex of Dm3MaT3 and vinorine synthase structures were superimposed with the program LSQKAB (20) .
RESULTS AND DISCUSSION
Region Swapping and Site-specific Mutagenesis of Dm3MaT1 and Dm3MaT2-To explore the amino acid residues responsible for the difference in the acyl-acceptor specificity of malonyl transfer between Dm3MaT1 and Dm3MaT2, we first carried out region swapping between these enzymes. Namely, regions A, B, and C of these two enzymes (see Fig. 2 ) were shuffled to obtain six swapped mutants: Dm3MaT(112), Dm3MaT(121), Dm3MaT(211), Dm3MaT(122), Dm3MaT(212), and Dm3MaT(221) (see also supplemental Fig. 1S ). In the Dm3MaT(112) mutant, for example, regions A and B come from Dm3MaT1, and region C comes from Dm3MaT2. These mutants were examined for their 3MaT1 and 3MaT2 activities (Table 1 ; see also Fig. 1 ). The results showed that Dm3MaT(122), a Dm3MaT2 mutant containing region A of Dm3MaT1, as well as Dm3MaT(121) and Dm3MaT(112) displayed no appreciable 3MaT2 activity, although they showed 3MaT1 activities that were comparable with that of Dm3MaT1. These results suggest that region A of Dm3MaT2 contains an amino acid residue(s) that is important for 3MaT2 activity. Dm3MaT(211) also did not show 3MaT2 activity, suggesting that region B and/or C of Dm3MaT2 may also contain an amino acid residue(s) that is important for 3MaT2 activity. A comparison of the 3MaT2 activities of Dm3MaT(212) and Dm3MaT(221) showed that the apparent k cat /K m value for 3MaT2 activity of the former mutant was signif-icantly higher than that of the latter, leading us to propose that region C, but not region B, contains an amino acid residue(s) that is important for 3MaT2 activity.
To identify the amino acid residues that are important for 3MaT2 activity in regions A and C, 9 site-specific mutants of Dm3MaT(212) were created in which each or a set of amino acid residues unique to Dm3MaT2 in regions A and C of Dm3MaT(212) were replaced by those unique to Dm3MaT1 (see Table 1 ), and their 3MaT and 3MaT2 activities were examined. The results showed that the following single amino acid substitutions in region A resulted in a significant loss of 3MaT2 activity of Dm3MaT(212) (relative k cat /K m for acyl acceptor, Ͻ20%): T35L, L37V, A38P, and Q51P. However, M8 mutant, which is an 8-fold Dm3MaT(212) mutant containing P5S, H11Q, A49R, T72A, G81S, F84Y, F86S, and Y92F in region A, displayed a considerable level of 3MaT2 activity. These results indicate that Thr-35, Leu-37, Ala-38, and Gln-51 of Dm3MaT2 are important for 3MaT2 activity. As for region C, each of the Y411N, A413T, and K419N substitutions in Dm3MaT(212) resulted in a significant loss of 3MaT2 activity (relative k cat /K m for acyl acceptor, Ͻ20%), whereas the 14-fold mutant of Dm3MaT(212), mutant CM14, where all of the amino acid residues unique to Dm3MaT2 in domain C except for Tyr-411, Ala-413, and Lys-419 were replaced by those that were unique to Dm3MaT1, displayed a significant level of 3MaT2 activity (Table 1) . These results indicate the importance of Tyr-411, Ala-413, and Lys-419 for the 3MaT2 activity of Dm3MaT2. Considering the above findings, we concluded that Thr-35, Leu-37, Ala-38, Gln-51, Tyr-411, Ala-413, and Lys-419 are important for 3MaT2 activity of Dm3MaT2. This conclusion was further supported by the fact that mutant M7, 7-fold mutant of Dm3MaT1 (G35T/V37L/P38A/ P51Q/N410Y/T412A/N418K), displayed a significant level of 3MaT2 activity (Table 1) .
Phylogenetics, Specificity, and Biochemical Properties of Dm3MaT3-During the course of our attempts to find the structural basis of the above conclusion, we identified a novel AAT homolog, Dm3MaT3, from red chrysanthemum petals, which unlike Dm3MaT1 and Dm3MaT2 yields protein crystals suitable for x-ray crystallographic studies (for details of the isolation and expression of Dm3MaT3 cDNA, see "Experimental Procedures"). The Dm3MaT3 cDNA coded for a protein of 454 amino acids with a calculated molecular weight of 50,805. The deduced amino acid sequence of Dm3MaT3 (DDBJ accession number, AB290338; Fig. 2) showed the highest sequence similarity to those of Dm3MaT1 (55% identity) and Dm3MaT2 (53%) as well as the malonyl-CoA:anthocyanidin 3-O-glucoside-6Љ-O-malonyltransferases of other Compositae plants, such as those of Senecio cruentus (Sc3MaT) (21) (54%) and Dahlia variabilis (Dv3MaT) (22) (52%). It also shows a 40% sequence identity to malonyl-CoA:anthocyanin 5-O-glucoside-6ٞ-O-malonyltransferase of Salvia splendens petals (Ss5MaT1) (23) . The primary structure of Dm3MaT1 contains sequences that are absolutely conserved among all members of the BAHD family: His-Xaa 3 -Asp (motif 1) and Asp-Phe-Gly-Trp-Gly (motif 3) (1, 2) (Fig. 2) . It also contains the sequence that is uniquely conserved among the AATs: Tyr-Phe-Gly-Asn-Cys (motif 2) (2). As expected, a molecular phylogenetic analysis clearly indicated that Dm3MaT3 belongs to the AAT-related subfamily and is most closely related to Compositae anthocyanin malonyltransferases (see supplemental Fig. 2S ).
The Dm3MaT3 protein was expressed under the control of a T5 promoter in E. coli BL21(DE3) cells, and the AAT activities of the expressed product were examined. The recombinant Dm3MaT3 showed 3MaT1 activity but no 3MaT2 activity ( For acyl donors, Dm3MaT3 was highly specific for malonyl-CoA. Succinyl-CoA served as a very weak substrate (relative activity, 5.1% of activity for malonyl-Co-A), whereas methylmalonylCoA, acetyl-CoA, p-coumaroyl-CoA, and caffeoyl-CoA were inert as acyl donors. Thus, the observed acyl-donor specificity unambiguously showed that Dm3MaT3 is a malonyltransferase. It should be noted in this respect that the AAT-related subfamily of the BAHD family (see supplemental Fig. 2S ) can be specific for phenolics other than anthocyanins, as exemplified by a malonyltransferase of Nicotiana tabacum (24) , and physiological malonyl acceptors of Dm3MaT3 in the chrysanthemum plant might not be anthocyanins, although it displayed AAT activities. The molecular weight of the native Dm3MaT3 was estimated to be 60,000 by gel permeation high performance liquid chromatography on Superdex 200 (GE Healthcare), indicating that Dm3MaT3 is monomeric. The recombinant enzyme showed a maximum activity at pH 7.5 and was stable over the pH range 4.5-8.0 (at 20°C for 20 h) and at temperatures up to 40°C (at pH 7.0 for 20 min).
Overall Structure of Dm3MaT3-We obtained three types of Dm3MaT3 crystals (native Dm3MaT3 (termed "native-free"), native Dm3MaT3 complexed with malonyl-CoA (termed "native-complex"), and selenomethionyl Dm3MaT3). The structure of Dm3MaT3 was solved by the multiwavelength anomalous diffraction method using selenomethionyl Dm3MaT3 and was refined to a resolution of 2.2 Å (native-free Dm3MaT3), 2.1 Å (native-complex Dm3MaT3), and 1.8 Å (selenomethionyl Dm3MaT3). The models were refined to final crystallographic R/R free values of 19.4/24.8% (native-free Dm3MaT3), 19.6/23.4% (native-complex Dm3MaT3), and 19.6/23.4% (selenomethionyl Dm3MaT3). The refinement statistics and model quality parameters are listed in Table 2 . The asymmetric unit contains two molecules in all types of the crystals. Although several hydrogen-bonding and hydrophobic interactions between these two molecules in the asymmetric unit are observed, Dm3MaT3 is most likely to be monomeric in solution, judging from the gel filtration results (see above), which are consistent with other BAHD members that have been characterized (1) .
The crystal structures of Dm3MaT3 contain 17 ␤-strands and 17 ␣-helices, each numbered from the N terminus as shown in Fig. 3A (see also supplemental Fig. 3S ). The ␤-strands form three groups of ␤-sheets; i.e. group A (␤1, ␤6, ␤9, ␤10, ␤3, and ␤15), group B (␤13, ␤12, ␤14, ␤16, ␤17, ␤11, and ␤7), and group C (␤2, ␤5, ␤4, end of ␤9, and ␤8). In the native-complex structure of Dm3MaT3, the electron densities of malonyl-CoA were identified on one of two faces of the Dm3MaT3 molecule (Fig.  3, A and C) , and this face is referred to as the "front face." Another face of the enzyme molecule, which is opposite to the malonyl-CoA-bound face, is referred to as the "back face" (Fig.  4) . Most of the ␤-sheets mentioned above are sandwiched between the faces. The front and back faces of the Dm3MaT3 molecule are mainly composed of ␣-helices (␣1, ␣2, ␣5, ␣6, ␣9, ␣10, ␣11, ␣12, ␣13, ␣15, ␣16, and ␣17 on the front face; ␣3, ␣4, ␣7, ␣8, and ␣14 on the back face) and several loop structures. The overall structure of Dm3MaT3 is most similar to that of vinorine synthase, a BAHD family enzyme, with a root mean square deviation value of 3.6 Å for 413 C␣ atoms with a 20% sequence identity (9) . Structural differences between Dm3MaT3 and vinorine synthase are described below in detail. The other structurally related proteins retrieved by means of the Dali server include polyketide synthetase-associated protein 5 from Mycobacterium tuberculosis with a root mean square deviation value of 4.1 Å for 388 C␣ atoms with a 14% sequence identity (25) .
Identification of Acyl-CoA Binding Site and Active-site Channel-In the native-complex structure of Dm3MaT3, well defined electron densities of malonyl-CoA were identified in a pocket surrounded by ␣10, ␣11, ␣15, ␤12, and ␤14 on the front face of the Dm3MaT3 molecule (Figs. 3, B and C, and 4A) , which forms the malonyl-CoA binding site. This acyl-CoA binding site is connected to a channel that lies between ␤-sheet groups A and B and penetrates through the Dm3MaT3 molecule. His-170 of Dm3MaT3, which corresponds to an invariant residue in motif 1 of the BAHD sequences, was identified in the middle of the channel in close proximity to the thioester carbonyl carbon of the bound malonyl-CoA (Fig. 5) .
Our previous alanine-scanning mutagenesis studies of Ss5MaT1 showed that the replacement of each of His and Asp (18) . The location in Dm3MaT3 of amino acid residues that correspond to those important for the 3MaT2 activity of Dm3MaT2 revealed by mutational studies are shown in green. C, a close-up view of the acyl-acceptor binding pocket. residues of motifs 1 and 3, respectively, causes the nearly complete loss of catalytic activity, suggesting that one of these residues acts as a catalytic base in the general acid/base mechanism of AAT catalysis (6) . The crystal structures of Dm3MaT3 show that the Asp residue in motif 3 (Asp-396) is too far from the bound substrate to interact with it (Fig. 3B) . Thus, the His residue of motif 1 most likely fulfills the role of the general base catalyst, and the channel forms the active site of the enzyme.
Interaction of Dm3MaT3 with Bound
Malonyl-CoA-The native-complex structure of Dm3MaT3 provides the first crystal structure of a BAHD member complexed with acyl-CoA, permitting detailed information relative to interactions between the enzyme and acyl-donor substrate to be elucidated. In the native-complex structure, the malonyl-CoA molecule interacts with His-170, Ala-175, Arg-178, Lys-260, Glu-271, Tyr-272, Val-273, Ser-274, Ser-275, Phe-276, Pro-301, Ile-302, Asp-303, Arg-307, Gly-386, Thr-387, and Lys-389 of Dm3MaT3 (Fig. 5) , where the underlined residues are those that interact with the malonyl group, with the others interacting with the CoA moiety of the acyl-donor molecule.
Fourteen hydrogen-bonding interactions between the Dm3MaT3 protein and the CoA portion of malonyl-CoA were identified, five of which are mediated by main-chain atoms of Dm3MaT3 (Fig. 5) . A sequence comparison (see supplemental Fig. 3S ) revealed that the amino acid residues involved in CoA binding are not strictly conserved among members of the BAHD family, even among AATs, although the folds of the acyl-CoA binding site of the BAHD enzymes appear to be similar to each other (see below). Therefore, the ability of BAHD enzymes to bind an acyl-CoA moiety might have evolved with the specific spatial arrangement of polar groups being conserved, as the result of the specific folding of the polypeptide chain (see below) rather than from the conservation of specific amino acid residues.
Concerning interactions with the malonyl portion of the bound malonyl-CoA, the thioester carbonyl oxygen of malonyl-CoA is hydrogen-bonded to His-170 of motif 1, which in turn is hydrogen-bonded with the side chain of Asn-319 of motif 2 (not shown). The side chain of Arg-178 and the main-chain N atom of Gly-386 are involved in hydrogen-bonding interactions with the carboxyl oxygen atom of a malonyl group (Fig. 5) , thereby fixing the terminal carboxyl group of malonyl-CoA in the complex. Arg-178 and Gly-386 are also conserved in Dm3MaT1, Dm3MaT2, and other anthocyanin malonyltransferases that are specific for anthocyanidin 3-O-glucosides. However, Arg-178 is not conserved in anthocyanin malonyltransferases that are specific for anthocyanin 5-O-glucosides such as those from S. splendens (Ss5MaT1 (23) and Ss5MaT2 (26)) (see supplemental Fig. 3S ). It is noteworthy here that the molecular phylogenetic tree of AATs (supplemental Fig. 2S ) implies that the acyl-donor specificities of AATs are diversified after the divergence of plant species. Dm3MaT1, Dm3MaT2, and Dm3MaT3 are all enzymes of Compositae plants, whereas Ss5MaT1 and Ss5MaT2 are produced by labiate plants. Thus, the conservation of Arg-178 among the three Dm3MaT enzymes may be explained in phylogenetic terms rather than functional terms. Thus, the specificity of BAHD enzymes for the acyl portion of acyl-CoA may also be due to the specific spatial arrangement of functional groups rather than the conservation of specific amino acid residues, similar to the case for the specificity for the CoA portion of acyl-CoA (see above).
Identification of Acyl-acceptor Binding Site-The malonylCoA binding site connects via the active-site channel to another pocket (Figs. 3B and 4B) , which is located on the back face of the Dm3MaT3 molecule. This pocket is composed of Phe-35, Trp-36, Leu-37, Pro-40, Ile-42, Asn-44, Arg-178, Pro-301, Trp-383, Ser-385, Thr-407, Ser-409, His-412, and Asn-413 and appears to be sufficiently wide to accommodate an acyl-acceptor (anthocyanin) molecule. A sequence comparison (Fig. 2) shows that the amino acid residues (Thr-35, Leu-37, Ala-38, Gln-51, Tyr-411, Ala-413, and Lys-419 of Dm3MaT2) that are important for the ability of Dm3MaT2 to act on cyanidin 3-O-6Љ-Omalonylglucoside correspond to Phe-35, Leu-37, Arg-38, Pro- 51, Leu-405, Thr-407, and Asn-413 of Dm3MaT3, all of which, except for Pro-51, are among the amino acid residues that form the pocket at the back face of the Dm3MaT3 molecule (Fig. 4) . The inner part of the pocket is accessible to the malonyl moiety of the bound malonyl-CoA through the active-site channel (Fig.  4, B and C) . All of these observations led to the conclusion that the pocket on the back face of the Dm3MaT3 molecule serves as the acyl-acceptor binding site of Dm3MaT3, unambiguously establishing the spatial arrangement of acyl-CoA and acyl-acceptor binding sites in the enzyme molecule, both of which are connected by an active-site channel. Such a spatial arrangement of substrate binding sites and active site was previously proposed for the vinorine synthase structure (9) and is similar to those of several other acyl-CoA-dependent acyltransferases, such as Azotobacter vinelandii dihydrolipoyl transacetylase (Ref. 27 ; Protein Data Bank (PDB) codes 1EAD and 1EAB) and mouse carnitine acetyltransferase (Ref. 28 ; PDB codes 1NDB and 1NDI), which show essentially no sequence similarity to Dm3MaT3.
Comparison with Vinorine Synthase Structure-The ␤-sheet groups C and B of Dm3MaT3 consist of five and seven ␤-strands, respectively, whereas those of vinorine synthase contains only two and six short ␤-strands, respectively. The crystal structures of Dm3MaT3 (even the 1.8-Å resolution structure of selenomethionyl Dm3MaT3) contain three disordered regions (N-terminal residues Met-1-Pro-5, residues Asp-365-Phe-369, and C-terminal residues Lys-451-Leu-454), whereas that of vinorine synthase contains two disordered regions (N-terminal residues Met-1-Pro-3 and residues Ser-235-Glu-239).
The superposition of crystal structures of Dm3MaT3 and vinorine synthase reveals that, whereas the structures of the front faces of these enzymes are similar to each other, the structures of the back faces differ significantly (Fig. 6) . Namely, the arrangements of secondary structures on the front face of both enzymes can be well superposed, showing similar structures around the acyl-CoA binding pockets in both enzymes (Fig.  6A) . By contrast, the spatial arrangement of secondary structures (␣-helices and loops) on the back face of Dm3MaT3 cannot be superimposed over that of vinorine synthase; hence, the structures around the acyl-acceptor binding sites of both enzymes are different.
These observations permitted the unique structural characteristics of the BAHD family concerning the specificities for the acyl-donor and acceptor substrates to be rationalized. The common ability of BAHD members to utilize acyl-CoAs appears to be maintained through the structural conservation of the front face of the enzyme molecules. However, the fact that the BAHD family displays versatility with respect to acyl-acceptor substrates should arise from the differential architectures of the acyl-acceptor binding sites, which are constructed with differential spatial arrangements of secondary structures on the back face of the enzyme molecules. BAHD family enzymes with different biochemical functions show a only low sequence similarity to each other (ϳ20% identity), ensuring such differential architectures for the acyl-acceptor binding site. Previous kinetic studies of malonyl transfer catalyzed by Ss5MaT1 suggested that the kinetic mechanism could be most consistently described in terms of a ternary-complex mechanism, where malonyl-CoA was the first substrate to bind to the enzyme, and CoA-SH was the last product to dissociate from the enzyme-product complex (6) . This predicted order of substrate binding and product release prompted us to examine whether the binding of malonyl-CoA entails any conformational changes in the acyl-acceptor binding site in the Dm3MaT3 molecule to allow for the subsequent binding of an acyl acceptor (anthocyanin). However, the main-chain and side-chain conformations of the acyl-acceptor binding sites of the native-complex structure were essentially identical to those of the native-free structure (shift of all atoms of amino acid residues forming acyl-acceptor binding sites, less than 0.3 Å). Thus, sequential binding for the malonyl-CoA and acyl acceptor appears to be less likely in the case of Dm3MaT3 catalysis.
Specificity and Mechanism in AAT Catalysis-The results obtained in the present studies provide a structural basis for general insights into the specificity and mechanism of BAHD catalysis. In the discussion below the amino acid residues of BAHD enzymes are numbered so as to correspond to the numbering of Dm3MaT3 based on the alignment shown in Fig. 2 (see also supplemental Fig. 3S ), and the positional numbering, according to this notation, is indicated by an asterisk.
Thus far AATs have been strictly classified into two distinct categories on the basis of their acyl-donor specificity, i.e., aliphatic AATs (e.g., Dm3MaT1, Dm3MaT2, Dm3MaT3, and Ss5MaT1) and aromatic AATs (e.g. hydroxycinnamoyl-CoA: anthocyanin 3,5-O-diglucoside 6ٞ-O-hydroxycinnamoyltransferase, Gt5AT, which is involved in the biosynthesis of gentiodelphin in the blue flowers of gentian (Gentiana triflora) (29) , and hydroxycinnamoyl-CoA:anthocyanin 3-O-glucoside 6Љ-O-hydroxycinnamoyltransferase, Pf3AT, which is involved in the biosynthesis of shisonin in the red forms of Perilla frutescens (30) ). Aliphatic acyltransferases specifically utilize aliphatic acyl-CoAs (such as malonyl-CoA) but do not act on aromatic acyl-CoAs (such as p-coumaroyl-CoA and caffeoylCoA); likewise, aromatic AATs utilize aromatic acyl-CoAs exclusively but do not act on aliphatic acyl-CoAs. The nativecomplex structure of Dm3MaT3 revealed that Arg-178 and Gly-386 are involved in binding the malonyl group of malonylCoA. A sequence comparison (see supplemental Fig. 3S ) revealed that Arg-178 of Dm3MaT3 is specifically replaced by Phe in both Gt5AT and Pf3AT sequences. Phe-178* (i.e. Phe-182 of Gt5AT and Phe-170 of Pf3AT) of these aromatic AATs would be expected to interact with the aromatic ring moiety of a bound hydroxycinnamoyl-CoA, and no other amino acid residues near acylCoA binding site would be predicted to be capable of entering into aromatic interactions with a bound acyl-CoA. Thus, Phe178* is likely to be a key residue that governs the preference of Gt5AT and Pf3AT for aromatic acyl-CoA.
In Dm3MaT1 and Dm3MaT2 catalysis, the acyl-acceptor binding site, containing a set of Dm3MaT1-type amino acid residues (Gly-35*, Val-37*, Pro-38*, Pro-51*, Asn-405*, Thr-407*, and Asn-413*), would only allow the binding of cyanidin 3-O-glucoside (Fig. 7) , whereas that containing a set of Dm3MaT2-type residues (Thr-35*, Leu-37*, Ala-38*, Tyr-405*, Ala-407*, and Lys-413*) would allow the productive binding of the mono-malonylated product (cyanidin 3-O-6Љ-O-malonylglucoside) in addition to that of the non-malonylated substrate (cyanidin 3-O-glucoside) (Fig. 7) . Although details of the nature of anthocyanin binding in the pocket remains to be clarified, Thr-407* of Dm3MaT1 should be located near the dead end of the anthocyanin binding pocket (Fig. 4C) , and the replacement of Thr-407* by alanine likely provides a wider space in the pocket, making some contribution to the productive binding of the mono-malonylated product in Dm3MaT2 (Fig. 7) . Gln-51* of Dm3MaT2 is remote from the pocket (Fig.  4A) , so that it is unlikely that this residue is directly involved in interactions with a bound anthocyanin. Rather, this residue may play a structural role in maintaining the conformation of the enzyme in such a way that affects the shape of the acylacceptor binding site. After the formation of a ternary complex consisting of malonyl-CoA, anthocyanin, and enzyme, the hydroxy group of anthocyanin to be activated would be placed in the active-site channel near the thioester carbonyl carbon of the bound malonyl-CoA and His-170*, which then abstracts a proton from the hydroxy group, triggering an acyl transfer reaction (6) . It should be noted that Trp-36 of Dm3MaT3 is located at the anthocyanin binding pocket and is conserved in all other AATs (see supplemental Fig. 3S ), implying that this aromatic residue may be crucial for the acyl acceptor specificity of the anthocyanins. This residue would be a good target in a mutagenesis study to alter the acyl acceptor specificity of a BAHD family enzyme, and such work is currently under way.
In addition to His-170*, several amino acid residues have been shown to be functionally important for AAT catalysis as the result of alanine-scanning mutagenesis studies of Ss5MaT1 (6), i.e. Asp-396*, Tyr-48*, Asp-174*, Arg-305*, and Asn-319*. Asp-396* (in motif 3) is too far from the bound substrate to interact with it ( Fig. 3) , so that the Asp residue in motif 3 could play a structural role in enzyme catalysis. Asn-319* (in motif 2) is hydrogen-bonded with His-170* and is thereby likely to affect the role of the catalytic His-170*. Tyr-48* is distant from the active-site channel and substrate binding sites and probably plays an important role in maintaining the catalytically active structure of the enzyme. Asp-174* (in motif 1) forms a hydrogen bond with Arg-305* that occurs near the malonyl-CoA binding pocket (not shown), so that this interaction may be important for the efficient binding of malonyl-CoA.
Conclusion-The crystal structures of Dm3MaT3 along with the results of mutagenesis studies, intended to explore key residues responsible for differential acyl-acceptor specificity between Dm3MaT1 and Dm3MaT2, allowed us to identify the acyl-CoA and acyl-acceptor binding sites in AATs. This finding provides concrete evidence for the spatial arrangement of acyldonor and acyl-acceptor binding sites connected by an activesite channel in BAHD enzymes. The front faces of BAHD enzyme molecules, which contain the acyl-CoA binding site, are structurally similar to each other, rationalizing the common ability of BAHD enzymes to utilize acyl-CoA. By contrast, the structures around the acyl-acceptor binding site on the back face of BAHD enzymes can be different from each other, thus explaining the diversity of acyl-acceptor specificities of the BAHD family. These findings establish the structural basis for general insights into the specificity and mechanism of BAHD catalysis.
